An Extended Hauser-Feshbach Method (EHFM) is developed for light heavy-ion fusion reactions in order to provide a detailed analysis of all the possible decay channels by including explicitly the fusion-fission phase-space in the description of the cascade chain. The mass-asymmetric fission component is considered as a complex-fragment binary-decay which can be treated in the same way as the light-particle evaporation from the compound nucleus in statistical-model calculations. The method of the phase-space integrations for the binary-decay is an extension of the usual Hauser-Feshbach formalism to be applied to the mass-symmetric fission part. The EHFM calculations include ground-state binding energies and discrete levels in the low excitation-energy regions which are essential for an accurate evaluation of the phase-space integrations of the complex-fragment emission (fission). In the present calculations, EHFM is applied to the first-chance binary-decay by assuming that the second-chance fission decay is negligible. In a similar manner to the description of the fusion-evaporation process, the usual cascade calculation of light-particle emission from the highly excited complex fragments 1
-INTRODUCTION
For heavy-ion induced reactions in both the low-and intermediate-energy regimes, the emission of complex fragments (or intermediate-mass fragments IMF's) has been considered to be one of the most useful probes for the investigation of the different reaction mechanisms involved in fission-like phenomena for a wide mass-range of nuclear systems [1] [2] [3] [4] [5] [6] [7] [8] . It has been shown that for composite systems in the light mass region A CN ≤ 60, the fusion-fission (FF) process plays an important role in the compound nucleus (CN) decay [2, 7, [9] [10] [11] [12] [13] [14] [15] [16] . One of the difficulties in this light-mass region is that the fully-damped yields of most of the observed binary-decay products are mixed with those of quasi-elastic as well as deep-inelastic processes and therefore their distinction from FF yields is a rather difficult task for the experimentalist [2, 3, 7, 9, [14] [15] [16] .
For the lighter mass systems, the nuclear orbiting process induced by a long-lived dinuclear molecular complex, which subsequently binary decays, is among the possible mechanisms of producing complex-fragments for which the energy degree of freedom has been fully relaxed [3] . However, the experimental data for the 16 [14] reactions have been found to be consistent with an equilibrated CN formation which subsequently binary-decays with the emission of complex fragments i.e. a FF process. The occurrence of FF rather than orbiting in these systems has been the subject of much discussion. This has led to the conclusion that the FF process has to be taken into account when exploring the limitations of the complete fusion process at large angular momenta and high excitation energies [11, 14] . Fig.1 The Extended Hauser-Feshbach Method (EHFM), which has been already presented in several communications [12, 17] , assumes that the fission probability is taken to be proportional to the available phase space at the scission point. The EHFM corresponds essentially to an extension of the Hauser-Feshbach formalism [18] which treats gamma-ray decay, lightparticle evaporation and complex-fragment emission (or FF) as the possible decay channels in an equivalent way. In this paper we will apply the EHFM to light heavy-ion fusion-fission reactions. This is an alternative approach to the transition-state model [11] using the phase space at the saddle point which has provided quite good predictions of the available experimental data [2, 9, 11, [13] [14] [15] [16] . Since there are good indications for the validity of the hypothesis that the saddle-point shape almost coincides with the scission-point configurations in the light-mass region, it is expected that the EHFM might also be relevant. Preliminary results of EHFM calculations as performed for the 35 Cl+ 12 C fission reaction in Ref. [15] are quite conclusive.
This paper is organized as follows : in the next Section, the essential points of the EHFM are first presented. After a brief description of the well-known Hauser-Feshbach formalism which is used for the CN light-particle emission, the main characteristics of the formal procedures of the EHFM are described in Section III. The complete EHFM+CASCADE calculation is applied for a first-chance fission (or emission of excited complex fragments)
followed by their light-particle sequential decays until the resulting products are unable to undergo further decay. This can be considered as a reasonable assumption for light-mass systems as shown previously for a medium light-mass fission reaction [8] . In Section IV, the calculated results are shown in the case of a simple parametrization and their applicability to the two selected reactions studied [7, 9, 15 ] is discussed (cross sections are plotted in Figs.1 and 2). Results are summarized and some preliminary conclusions are finally drawn in Section V along with a short discussion relative to future directions for systematic investigations and applications of the model to a wider mass-range of nuclear systems from the light-mass region to the intermediate-mass region.
II. EXTENDED HAUSER-FESHBACH METHOD
In order to clarify the essential viewpoints of the EFHM calculations, the salient formulae used in the well-known statistical model treatments which are based upon the Hauser-Feshbach formalism [18] to describe the CN light-particle evaporation are presented in next subsection . Given that the statistical model [19] , which follows from the assumption of equilibrium, rests on the premise that all open decay channels are, on the average, equally likely to be populated it was natural to extend its formalism. Although the treatment of light-particle emission and FF are, in principle, inconsistent for heavier nuclear systems, it has been shown that in the case of lighter nuclei (where the fissility parameters are below the Businaro-Gallone point [1] ) the asymmetric fission process can be assimilated to the emission of larger fragments [20] which are also known as complex fragments (or IMF's). Light-particle evaporation and FF, which are the two commonly observed CN decay modes, appear to be just two extremes of a more general binary-decay mode involving the entire range of massasymmetry [20] . The extension of the Hauser-Feshbach method [18] to the complex-fragment emission and/or FF is explained in subsection II.2 within the framework of all available phase space. A brief description of the parametrization of the transmission coefficients and its approximations are given in subsection II.3. The complete calculation procedures of EHFM+CASCADE which take into account the sequential emission of light-particles and gamma-rays from the excited fission (or complex) fragments are finally presented in Section III.
II.1 -Hauser-Feshbach Method for light-particle evaporation.
Most of the commonly used statistical-model codes, such as CASCADE [21] , PACE [22] or LILITA [23] which have provided good predictive results for the evaporation residues (ER) yields measured for a large number of fusion-evaporation reactions, are based on a method proposed by Hauser and Feshbach more than four decades ago [18] .
In the Hauser-Feshbach method the cross section σ (c) J for the CN formation and its subsequent statistical decay to channel c whose state is populated at an excitation energy E x with a total angular momentum J is given by using the decay ratio R (c)
J as follows,
where σ J (E x ) is the cross section of the populated compound states. Generally the ratio
J is determined by the ratio of the partial width Γ (c)
J to the total width Γ J ,
where the total width is a sum of all the partial widths of the decaying channels c,
In the case of light-particle evaporation, the decay channel c includes mainly neutron, proton, α-particle channels and γ-ray emission. In some cases it can be also interesting to include 2,3 H, 3 He and Li emissions [21] , but their influence is found to be negligible for the reactions studied. In this paper these 2,3 H and 3 He channels are only included in the calculations in the first-chance decay. Whereas the Li channel is included and is considered as a complexfragment emitted by a binary decay in the phase-space calculation of EHFM as it will be explained more in detail in the next subsection.
The partial width Γ (c)
J is related to a phase-space integration P
where ρ J (E x ) is the level density of the compound state. This level density is not so relevant for the calculation of the decay ratio R (c) J in eq.(2), but has a real physical meaning for the estimation of a mean lifetime τ J of the compound states. The mean lifetime τ J of a compound nucleus is generally evaluated by using the total width Γ J as follows,
This definition will be of interest in the discussion on the differences between the lifetime of the compound states with the time needed to emit a complex fragment near the scission point.
In the well-known Hauser-Feshbach method [18] used to describe the light-particle emission, the phase-space integration P (c)
J to the channel c is evaluated by the following phasespace integration,
Here g c denotes the spin multiplicity of the evaporated particle and ρ I (ǫ) is the level density of the residual nucleus with internal excitation energy ǫ and angular momentum I.
T L (E) are the transmission coefficients for the evaporated particles as a function of energy E and angular momentum L in the relative motion with the daughter nucleus. We use the transmission coefficients obtained in the optical-model (OM) calculations in which the potential parameters have smooth dependences on the mass number and are standard in the statistical-model calculations [19, 21] . The (L, I)J shown in the summation of angular momentum represents the proper angular momentum coupling condition. The energy conservation condition is maintained by δ(ǫ + E + Q − E x ) in eq.(6).
As soon as the excited states of the daughter nucleus are low enough in energy, which is normally the case at the end of the cascade calculations, it is necessary to take into account in the phase-space integrations of the light-particle decay the experimentally known discrete levels of the daughter nucleus near its ground state. As a consequence the phase-
J becomes a summation of the known discrete levels i of the daughter nucleus, instead of the energy integration with ǫ in eq.(6),
where ǫ i and spin I i are the known i-th discrete levels of the daughter nucleus which have been taken from recent compilations [24, 25] . For the emission of γ-rays, we include only the giant dipole resonance (GDR) decay by using the form factor of Ref. [26] .
The quantity Q is the usual separation energy for the light-particle evaporation which is defined as follows,
where [28] , which is derived from the Fermi-gas model, has been used,
where
The J is the moment of inertia of the daughter nucleus. In this paper we use the wellparametrized moment of inertia of spherical nucleus shown in the Ref. [28] ,
where M is the nucleon mass and < r >
2
A is the mean square radius of the ground state of the nucleus. For the sake of simplicity, we use a constant level density parameter value. For the calculations we have chosen the value a = A/8 which appears to be rather well established both experimentally [19, 21, 29] and theoretically [30] for the light heavy-ion systems considered in the present study. The pairing energy ∆ pair is given by the empirical value ∆ pair = 12/ √ A as proposed in Ref. [28] .
EHFM calculations have been performed for previously studied complete-fusion reactions in the A CN ≈ 30 [31] and A CN = 56 [32] mass regions in order to test the predicting capabilities of the present model for the fusion-evaporation residues. Their comparisons with the data [31, 32] and with predictions of the evaporation codes CASCADE [21] , PACE [22] or LILITA [23] clearly show that first the number of evaporated light-particles is correctly predicted by the EHFM and, secondly that the results are not too sensitive to the choices of the approximations and of the parameters of the present model.
II.2 -Extension of the Hauser-Feshbach formalism to the binary-decay.
The objective of the EHFM is to extend the Hauser-Feshbach formalism [18] , which has been described previously, to the phase-space integrations of the binary-decays of the complex fragments (or the fission decay width) from the compound nucleus. The phasespace integrations for the complex-fragment binary-decays consist of four parts which are defined by the four forthcoming equations.
At first we consider the case of the binary decays in which the lighter partner of binary pair is populated in the discrete levels at low energies near the ground state and the heavier one is in higher excitation-energy states in the continuum region. The phase-space integra-
J for this binary decay is then assumed to be evaluated by the extension of the eq. (6) as follows,
where ρ I H (ǫ H ) is the Fermi-gas level density of the heavier fragment with excitation energy ǫ H and angular momentum I H . ǫ L i and I L i are the excitation energy and angular momentum of the i-th discrete levels of the emitted light fragments. In the present calculation we introduce the known low excited discrete levels [24, 25] in the low-energy region of each binary-decay fragment of interest up to the lowest particle decay threshold energy. The calculated results performed without including discrete levels badly reproduce both the yields and the energy distributions which are known to exhibit a structure understood in terms of the statistical population of levels in the fragments [16] .
As in the case of light-particle emission, in this paper the level density is calculated by using the moment of inertia spherical nucleus shown in eq. (11), thus the deformation effects are not introduced in the level density of both lighter and heavier fragments in the binary decay. This possibility will be investigated in a subsequent publication [33] by including the angular-momentum-dependent terms in the ground-state moment of inertia as proposed recently by Huizenga et al. [34] .
In a similar manner to light-particle evaporation, E is the energy of the relative motion between the lighter fragment and heavier binary partner, T L (E) is the transmission coefficient of the relative motion with a given angular momentum L. As we are trying to extend the framework of the Hauser-Feshbach method of the light-particle emission to the case of complex fragments emission, it is more reasonable to introduce the transmission coefficients obtained in the OM calculation for evaluating the transmission coefficients. However, in this study we will use a simplified formula for the transmission coefficient as will be explained in the following subsection. As will be discussed in the Section IV, the phase-space integration of eq. (12) will mainly contribute to the mass-asymmetric binary-decay. Phase-space calculations of this kind have already been extended to the study of the emission of complex fragments in the case of the 58 Ni+ 58 Ni reaction with quite reasonable success in predicting complex-fragment charge distributions that have been experimentally measured by the Oak Ridge group [6] .
Next we apply the above considerations to the case of the light fragments highly excited in the continuum-energy region. Instead of the summation up to the i-th discrete levels, the integration in the excitation energy ǫ L and summation of angular momentum I L of the light fragment is performed as follows,
where ρ I L (ǫ L ) is the Fermi-gas level density of the light fragment. In order to integrate this large phase space a long computational time is necessary. This is however the most essential part of the EHFM which are applied to the mass-symmetric part of FF.
The phase-space calculation for the heavier fragment in the low excitation energy region with discrete states in a similar manner to eq. (12) is as follows,
where the ǫ H j and I H j denote the excitation energy and angular momentum of the j-th discrete level of the heavier partner of binary decay.
In the case where the fragments are both excited in the low-energy region, the phase space is evaluated following eq. (7) which corresponds to the phase-space integration of lightparticle evaporation,
As shown above, the phase-space integration for the complex-fragment binary-decays consists of the four parts which are represented in eqs. (12), (13), (14) and (15) . In the actual calculation, in order to avoid any possible overcounting, the continuum-energy integrations for the level density formulae in eqs. (12), (13), (14) are performed in the energy region starting from the energy which is higher that the hightest excitation energy of the discrete levels which are introduced in the discrete level summations of eq. (15) . As mentioned previously, the available discrete levels are taken below the lowest separation energy in the neutron, proton and alpha-particle separations of the fragments. For the evaluation of Q-values in these calculations, the observed ground-state binding energies [27] are correctly used as shown in eq. (8) to keep the energy conservation condition. This effect which is clearly visible in 
II.3 -Parametrization of the transmission coefficients.
As mentioned in the previous subsection, it would be highly desirable to use explicitly the transmission coefficients of the OM calculations as a natural extension of the HauserFeshbach method to the case of the complex-fragment emission. However, because of the limitations of the computational time needed to perform OM calculations, the transmission coefficients for these phase-space integrations in eqs. (12), (13), (14) and (15) are evaluated by using the simplified formula,
where the parameter ∆ s is the diffuseness parameter in the transmission coefficient formula whose value has been kept equal to 0.5 MeV in this study. This choice is consistent with the larger 1 MeV value which has been recently chosen for the EHFM description of a heavier mass system [8] . As far as we know, the energy dependence of the transmission coefficients obtained by the OM calculation are roughly fitted by the formula (16) and the chosen diffuseness parameter value is comparable to that of OM calculations in light-mass systems in the low angular momentum region. For evaluating the transmission coefficients by the OM, the real part has been deduced from fits to the measured elastic scattering cross sections if available. In the case of the 35 Cl+ 12 C scattering the OM parameter set extracted from the elastic data measured by Djerroud [13] has been used. The imaginary part is modified by the inclusion of short-range and sharp diffuseness in order to reproduce the energy dependence of measured fusion cross sections for light-mass systems in the so-called first regime of fusion just above the Coulomb barrier. Of course the diffuseness for larger angular momenta in OM calculations becomes much larger with increasing angular momentum. We use the diffuseness parameter which is independent with the angular momentum in this study. The calculations using the transmission coefficients of the OM calculations will be discussed in a forthcoming paper [33] .
In order to simplify the discussions of the calculated results which will be given in this paper, we have adopted the simple parametrization of the barrier height V (L) at the scission point between complex fragments which has been assumed in the case of the 35 Cl+ 12 C FF reaction [13] to be,
where µ f is the reduced mass of the decaying complex fragments. The scission point R s is estimated by using the radius
H of the two fragments of mass number A L and A H including diffuse-surface effects with a neck length parameter (or
and the V coul is calculated by the following simple formula,
where Z L and Z H are the atomic numbers of the lighter and heavier exit-fragments respectively. The neck length parameter d is taken as the only adjustable parameter of the model. Its value is found to be d = 3.0 ± 0.5 fm as is commonly adopted in the literature [7, 13, [35] [36] [37] for the mass region of interest. The large value of d used for the neck mimics the finite-range and diffuse-surface effects [11] of importance for the light-mass systems [38] and, as a consequence, this makes the scission configurations closely resemble the saddle configurations. The other parameters are either fixed (for instance we use a constant value of r s = 1.2f m in this work in accordance with previous studies [19, 21] ) or determined by the measured fusion cross sections (see Section III). An alternative and more sophisticated approach to evaluate the transmission coefficients at the scission point is the use of Krappe, Nix and Sierk [39] potential for V(L=0). Calculations of this kind have been performed for the 35 Cl+ 12 C reaction [7, 13] at E lab = 180 and 200 MeV with very similar results as the ones shown in Fig.2 with the simplest parametrization. Another study [4] involving a heavier mass system has shown that the choice of the potential does not provide very different predictions in statistical models.
All other quantities for evaluating the phase-space integrations in eqs. (12), (13), (14) and (15) are the same as in the case of the light-particle evaporation description. In the actual calculations, the phase-space integrations of eqs. (12), (13), (14) and (15) 
III. EHFM+CASCADE CALCULATION PROCEDURES
In order to show the basic viewpoint of the EHFM and to demonstrate its applicability for the decay mechanisms of compound nuclei as formed in light heavy-ion reactions, we perform the EHFM+CASCADE calculations by introducing the very simplified schemes which are presented as follows. in this paper, it seems quite reasonable to assume that the second-chance, the third-chance and many-chance binary-decays from the heated daughter nuclei (ER's) populated by lightparticle evaporation in the early stages are negligible. Therefore the EHFM is applied to the phase-space calculations only in the first-chance binary-decay of complex-fragments (i.e., first-chance fission-like binary-decay) from the fused system. Because the complex fragments emitted in the first-chance decay are expected to be populated in the rather highly excited states in both energy and angular momentum in a similar manner to the ER's, the heated fragments including the ER's need to be cooled down until the resulting products are unable to undergo further decay. Therefore the series of these calculations is called as EHFM+CASCADE.
From a result of the EHFM+CASCADE calculations physical quantities such as charge-, mass-and kinetic-energy distributions can be deduced to be compared to experimental observables. For instance the missing charge and its distributions corresponding to the experimental conditions in coincidence measurements are found to be clearly described with this EHFM+CASCADE calculation. These definitions are found to reasonably well reproduce the experimental distributions as shown in the next Section. In the present Section, the calculation procedures of EHFM+CASCADE are presented according to the chosen approximations.
The initial conditions required to perform the EHFM+CASCADE calculation are mainly determined by the total fusion cross section σ f us which is assumed to be given as the compound nucleus formation with atomic number Z CN and neutron number N CN and at the excitation energy E x in the heavy-ion reaction under consideration as follows,
whereλ and J are respectively the wave length and the total angular momentum of the incident channel of the reaction. For the sake of simplicity, the partial wave dependence of the fusion cross section σ f us (J) are represented by the transmission coefficient T
with Fermi distribution,
The critical angular momentum J cr is chosen so as to reproduce the measured complete fusion cross section σ f us including both ER and FF yields. Although little is known about the diffuseness parameter ∆ J , its value has been fixed to 1h in the present study in accordance with the value usually taken for the transition-state model calculations of Sanders [11] or other evaporation codes [21, 22] . The sensitivity of this angular-momentum diffuseness parameter has been carefully checked and very small and thus non significant effects have been found on the calculated results.
All the available complex-fragment pairs are introduced in the first-chance decay as part of the binary-decay in addition to proton, neutron and α-particle evaporation (ER's) from the fused system. As discussed in the previous Section, the 2,3 H and 3 He evaporation channels are included only in the first-chance decay, whereas the GDR γ-ray emission is also included in the whole CASCADE-calculation.
The decay ratio R 
Then the charge-and mass-distributions, σ(Z) and σ(A) can be directly compared to experimental data by summing up the final distributions σ (Z ′ ,N ′ ) (Z, N) relative to each the first-chance emitted fragment with atomic number Z ′ and neutron number N ′ .
The average velocities of the first-chance emitted fragments are not expected to be greatly modified by the effect of post-scission light-particle cascade-decay. The fragment kineticenergy distributions σ (Z ′ ,N ′ ) (E ′ ) which are obtained in the first-chance EHFM calculation in the center-of-mass system are transformed to kinetic-energy distributions for a given laboratory angle θ lab
by using the usual transformation formula. In this calculation the angular distribution of the fragments of binary decay at the first-chance emission is assumed to have the usual 1/sin(θ cm ) angle dependence in the center-of-mass system of fission-like processes.
In order to simplify the notation to define both the missing charge and the kinetic energy distributions in the calculation, the charge distributions σ (Z ′ ,N ′ ) (Z) of the final fragments with the atomic number Z which are populated by the light particle cascade-decay of the hot fragments with atomic number Z and neutron number N is :
and the probability distributions P (Z ′ ,N ′ ) (Z) are defined as a function of the charge distributions σ (Z ′ ,N ′ ) (Z) as,
By using the probability distributions P (Z ′ ,N ′ ) (Z), the kinetic-energy distributions modified by the light particle cascade-decay after the scission are evaluated as follows for the fragments with the atomic number Z ′ and the kinetic energy E ′ lab which have been obtained in the first-chance EHFM calculation,
Here the relation between kinetic energy E ′ lab of the first-chance emission and final measured kinetic energy E lab is assumed to be used as follows :
For the evaluation of the missing charge distribution corresponding to the measured ejectile fragment with atomic number Z 1 in the coincidence measurement (see Ref. [15] for the experimental conditions and results), the coincidence cross sections σ
defined as follows for the coincident binary partner with atomic number Z 2
where we must keep the condition; Z 
where ∆Z = Z CN − (Z 1 + Z 2 ) is defined as the missing charge.
Finally the mean values Z 1 + Z 2 which correspond to the measured mean charge in coincidence measurements are defined by using the probability distributions P (Z 1 ) (∆Z) of missing charge as follows,
In comparison with other recent statistical-model calculations [6, 11] , it is worthwhile to mention that one of the main advantages of the present model is the use of a single computer code to follow the whole decay process until all fragments have completely cooled down.
IV. RESULTS AND DISCUSSIONS
Before we present the results of the EHFM+CASCADE calculations which have been performed for a few selected examples, it is important to notice that in this light-mass region it is relevant to use the scission-point approximation of the saddle point. This is due to the fact that both the scission point and the saddle point have geometrical configurations which nearly coincide as recently demonstrated [15] in the case of the binary-decay of the 47 V system. Alternative available computer codes such as EDCATH [4] , GEMINI [5] or EUGENE [40] are essentially based on the saddle-point picture by using the transition-state formalism of Moretto [20] to predict complex-fragment emission yields for heavier systems.
The transition-state model developed by S. Sanders [11] and more specifically adapted for the light-mass region appears to be quite successful by introducing mass-asymmetric fission barriers. On the other hand the code BUSCO [6] is to our knowledge the only code also following the scission-point approximation with, however [41] , the need of the code LILITA [23] to simulate the sequential decay of the binary fragments.
In this Section the results of the model will be compared to a number of recently published experimental data [7, 11, 15, 44] . For a more general overview of the experimental systematics of the occurrence of the FF process in the light-mass region previous publications such as
Ref. [11] are very helpful.
As pointed out previously in Section II one of the most important quantities in the EHFM MeV are respectively J cr = 34 and 37h. These values reproduce the measured complete fusion cross sections which are reported in Ref. [9] . The free parameter d in eq. (18) which determines the barrier height of the scission point is chosen in this case to be d = 3.5 fm. A systematic investigation of this parameter will be undertaken in a forthcoming publication [33] .
In order to understand the reasons why the calculated mass distribution is strongly dependent on the ground-state Q-value of the decay fragments, the fragment dependence of the barrier height of the scission point in excitation energy of the compound nucleus for 56 Ni is shown in Fig.1.(c) . As can be expected in the phase-space integrations P which are shown in eqs. (12), (13), (14) and (15), the leading term can be evaluated approximately by the following form,
where the value of a is equal to the sum of level density parameters of the lighter and heavier fragments in the binary decay. The barrier height V s of the scission point which is evaluated from the ground state of the CN is given as follows for the case of angular momentum L = 0,
In Fig.1 .(c) the lowest barrier height of the scission point in the combination of the same mass fragments with different atomic number are plotted. In the case where the lighter fragment is a α-like nucleus its heavy partner is also a α-like nucleus for the 56 Ni system, therefore strong binding energy effects are found in the barrier height of the scission point. It is interesting to note that very similar results are found for the mass fragmentation potential as calculated by Gupta et al. [45] for the same system. On the other hand, it has been shown in Ref. [12] that with the use of liquid-drop binding energies the yields do not vary significantly from fragment to fragment. Comparing Fig.1.(a) and (b) with Fig.1.(c) , the strong enhancements in the measured cross section are well understood as the result of the strong binding energy of α-like fragments.
In the transition-state model calculation [9] the strong binding-energy effect has been taken into account by including Wigner energy terms in the liquid drop mass formula. Thus the origin of the strong variation from fragment to fragment in the present model may be equivalent to that involved in the transition-state model.
An alternative way to reproduce this strong variation would be to incorporate shell effects in the level density formulae as proposed by Ignatyuk [42] . Shell corrections in the energy-dependent (temperature-dependent) a parameter are then produced by the difference of the experimental mass and the liquid drop mass for each fragment. This possibility will be carefully investigated in the future developments of EHFM [33] ; however preliminary results on a study of the temperature-dependent level density can be found in the conference proceedings [43] .
Despite of the choice of a very simple parametrization for the present calculations, it should be pointed out that the complete EHFM+CASCADE treatment reproduces well the general trend and also the magnitude of the measured mass distribution. The calculated center-of-mass energy distributions which are obtained in the first-chance emission of the EHFM calculation are found however to be a little higher than the measured ones [9] by an amount of about 3 MeV.
In the following we will focus on the case of the 35 Cl+ 12 C reaction. The calculated charge distributions in Fig.2 are compared to the experimental data at E lab = 180, 200 and 278
MeV respectively as obtained in the inclusive measurements [7, 13, 15, 44] . The comparisons are also given for the fission-like yields for the 37 Cl+ 12 C which have been partially measured at E lab = 150 MeV [46] . In these calculations the input critical angular momenta J cr were extracted from the total fusion cross section data using the sharp cutoff approximation.
Their values are 25h, 25h and 27h for the 35 Cl incident energies 180, 200 and 278 MeV respectively. Since the cross section of the complete fusion ER has not been measured for the 37 Cl+ 12 C system at E lab = 150 MeV, a 23h value was assumed to be the more realistic choice. The value of the d-parameter for the barrier height of scission point is fixed to be d = 2.5 fm for each incident energy. It is interesting to observe that this d value is smaller than that in the case of the 32 S+ 24 Mg reaction. Although no systematics of the mass dependence of the d-parameter for light mass-systems is evident for the moment, it seems that a simple linear-dependence with the CN fissility might be a reasonable assumption. This possibility will be further quantitatively investigated within the framework of a more systematic study in a forthcoming publication [33] .
The charge distributions produced in the first-chance emissions by the EHFM calculations are shown as dashed histograms in Fig.2 for the ER's. Therefore the EHFM+CASCADE calculations for each fragment including the ER's after scission take only the neutron, proton and α-particle emissions into account.
Therefore it can be seen that the results from the EHFM+CASCADE calculations reproduce well the whole measured charge distributions over the entire range of mass-asymmetry from the low-mass region of complex-fragment emission (FF) to the heavy-mass region of the evaporation residues (ER) for all incident energies (see the solid histograms in Fig.2 ).
Because the measured ground-state binding energies are involved in these calculations also, the large yields with α-like fragments are observed for the mass-asymmetric part of the complex-fragment emission. But the heavier partner of the complex-fragment binary decay are not α-like in this system, then the cross sections with mass symmetric fragments are not so significant as opposed to the case of 32 S+ 24 Mg reaction presented in previous paragraph.
In the region of the heavier fragments with atomic number larger than about 15, the cross sections are mainly due to the ER's produced by light-particle cascade-decays from the compound system. The comparison of the fragments 12 < Z < 15 was not possible because their data could not be extracted so accurately from the experiment [15] , due to a mixing with both quasi-and deep-inelastic components. It is known however that the heavier partners of the complex-fragment binary-decay have large cross sections (≈ 10 mb) which correspond to the cross sections of the lighter fragments but the yields are obscured by the considerably larger ER cross sections (≈ 100 mb for each Z at E lab = 278 MeV for example).
In the charge region Z < 14, the complex-fragment emissions become important and essential to reproduce the experimental charge distributions. The light-particle cascade-decay of the heavier fragments after scission increases with increasing incident energy. Furthermore lightparticle emissions from the lighter complex fragments after scission are apparent in the case of the highest incident energy E lab = 278 MeV.
At this point it is important to notice that both the predictions of EHFM+CASCADE and the transition-state model [11] provide a quite satisfactory agreement of the general trends of the 35 Cl+ 12 C experimental excitation functions over the whole energy range explored as demonstrated in Ref. [15] . This might be a good indication of the validity of the hypothesis that the scission point configurations, as assumed in the present study, almost coincide with the saddle-point shape of the transition-state picture [11] .
In order to show how the complex fragments are populated in the excited states at the scission point, the internal excitation energy and angular momentum distributions, σ(ǫ ′ ) and 
and the angular momentum distribution σ(I ′ ) is also obtained by integrating the internal energy ǫ ′ ,
where the σ (Z ′ ,N ′ ) (ǫ ′ , I ′ ) is the obtained cross section in the first-chance EHFM calculation (see Section III). The distributions of the partner nucleus 35 Cl of the 12 C fragment in the first-chance emission are shown in Fig.3.(b) . As can be understood from Fig.3.(a) , the 12 C fragment is excited in the lower excited discrete levels, especially the ground 0 + and first excited 2 + (4.44 MeV) states. The third large peak corresponds to the 3 − (9.64 MeV) state whereas the smaller one corresponds to the second 0 + state.
On the other hand, it is clearly seen that the fragment-partner 35 Cl is statistically excited to the continuous states (continuum) with smooth distributions both in internal energy ǫ ′ and in angular momentum I ′ . This is a typical behavior of a complex-fragment statistical emission from a equilibrated fused nucleus in the light-mass system region.
At the highest studied incident energy E lab = 278 MeV, the CN excitation energy of 47 V
is E x = 84 MeV, the CN lifetime for light-particle emission can be evaluated to correspond to roughly 6×10 −22 sec by using the standard formula expressed in eq. 5. As can be seen in Fig.3.(b) , on the other hand the averaged excitation energy of the partner nucleus 35 Cl of the 12 C fragment is about 35 MeV. The lifetime which corresponds to this excited 35 Cl nucleus is about ten times longer than that of the 47 V compound state. Thus we can point out that the proposed picture of light-particle cascade decay after scission of the excited complex fragments obtained in first-chance EHFM calculation is relevant.
The calculated kinetic-energy distributions of each fragment (5 ≤ Z ≤ 11) in the laboratory system which were evaluated with the procedures outlined in Section III are shown in Fig.4 .(a) and (b) along with the data taken at 7 o for two indicated incident energies of obtained in the first-chance EHFM calculations and the solid lines are the kinetic-energy distributions including the effect of the light-particle cascade decay after scission. As expected for a so-called inverse kinematics reaction, the kinetic-energy distributions in the laboratory system can be decomposed in two parts: a) a high-energy component with a typical
Gaussian shape which is well measured b) a lower-energy component which is deformed by the experimental energy threshold. Therefore it should be taken into consideration that the large deviations from the calculated distributions with the data in the lower-energy parts come from the non-ideal experimental conditions.
In the case of the highest measured incident energy E lab = 278 MeV shown in As can be seen in the comparisons between the experimental and calculated missing charge distributions, it should be once again stressed that the EFHM+CASCADE calculations reproduce well the general trend of the experimental data.
Knowing that the pre-scission emission of light particles are predicted to be negligible in the model, it can be concluded that the missing charge obtained for the 35 Cl+ 12 C reaction in the coincidence measurements for bombarding energies lower than 8 MeV/nucleon has its origin in the light-particle cascade decay of the excited binary fragments after scission.
A similar conclusion has been advanced for study of the 35 Cl+ 24 Mg reaction measured at ≈ 8 MeV/nucleon which preliminary experimental results are also well reproduced by EHFM+CASCADE [47] .
V. SUMMARY AND CONCLUSIONS
In order to treat the binary-decay emission of complex-fragments in a similar manner to the light-particle evaporation from light-mass compound systems as populated by heavy-ion fusion reactions, the well-known Hauser-Feshbach formalism has been extended in a natural way to the phase-space calculations of the binary-decay (i.e. a fusion-fission process) (see Sec.II.2). The EHFM calculation is applied to the first-chance binary-decay from the compound system by assuming that the second-chance binary-decay (from the hot daughter nuclei (ER's) populated by light-particle evaporation in the early stages) is found to be negligible. The internal excitations of the emitted complex fragments are populated in rather highly excited states in both angular momenta and energies in the similar manner to the ER's. The hot binary fragments are cooled down by the cascade of light-particle emissions. Subsequently EHFM+CASCADE calculation can clearly define the physical quantities which are able to be directly compared with the experimental ones such as missing charge distribution (see Sec.III).
The validity of these procedures is shown to be reasonable by referring to the light- [7, 13, 15, 44, 46] . In this case the neck length parameter of eq. (18) is fixed as d = 2.5 fm for all incident energies, whereas its value has been found larger in the case of the 56 Ni compound system. As a matter of fact the neck degree of freedom cannot be considered as a simple adjustable parameter since first its value d = 3.0 ± 0.5 fm appears to be strongly constrainted by the size, i.e. the fissility of the compound system and secondly is non temperature-dependent for a chosen reaction. Work is now in progress [33] in order to define a reasonable mass-dependence of this parameter through the investigation of new available fusion-fission data on nuclei such as 44 Ti [48] , 48 Cr [16] or 59 Cu [47] . The values of the critical angular momenta J cr have been chosen so as to reproduce the measured fusion cross sections. The post-scission light-particle decay of the emitted complex fragments appears to be, in each studied case, of great importance to obtain a reasonably good agreement for all the measured observables: mass-, charge-and kinetic-energy distributions of both the complex fragments and the ER's. The post-scission light-particle emission is necessary in order to well reproduce the measured missing charge distributions obtained in exclusive fragment-fragment coincidence experiments.
However many problems still have to be resolved in order to establish the systematic behavior of the fusion-fission process in the light-mass region. The estimate of the barrier height of the scission point has to be more quantitatively investigated although a lineardependence of the neck degree of freedom with the fissility of the compound system seems to be a realistic approximation. Of course the consistent introduction of deformation effects for both ER's and complex fragments has to be considered for the systematic estimation. On the other hand the direct use of OM transmission coefficients for evaluating the phase-space integration of the complex-fragment binary-decay is highly desirable to uncover the more interesting features which are included in the EHFM. Future studies will be undertaken in these directions [33] . 
